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Abstract 
Sorption-enhanced water-gas-shift (SEWGS) is a promising new technology for improving the 
efficiency of pre-combustion power production with carbon capture.  It combines removal of CO2 
from syngas using a packed bed of sorbent at high temperature (350 °C – 550 °C) with conversion 
of CO and H2O to CO2 and H2O through the water-gas-shift reaction.  Previous studies on SEWGS 
have focused on natural gas derived syngas, but no work has been completed to date on alternative 
feedstocks such as coal.  Therefore, experimental, modelling and process simulation work has been 
completed on a new sorbent material within the CAESAR project to address this question.  Key to 
the success of SEWGS is the amount of steam that must be used for purging and rinsing.  Modelling 
results show that similar amounts of steam are required to operate a SEWGS unit fed using syngas 
derived from either coal or natural gas.  For both cases a target of 2 moles of steam supplied per 
mole of carbon in the feed appears achievable.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
In the search for higher efficiencies from pre-combustion, carbon-free, power production it has been discerned that it 
is advantageous to remove CO2 at high temperature.  However, the current state of the art technologies use low 
temperature absorption.  This results in an inherent inefficiency due to the need to cool down the syngas stream just to 
remove CO2 before heating it up again to feed into a gas turbine.   
There are a number of high temperature CO2 removal processes (350 °C – 550 °C) currently in development and one 
of these is sorption-enhanced water-gas-shift (SEWGS) [1].  SEWGS works by passing hot syngas through a packed 
bed of sorbent material to selectively remove CO2.  In the presence of a suitable catalyst this also moves the equilibrium 
of the water-gas-shift reaction to enhance conversion of CO to CO2 and increase the production of H2. 
 
     CO + H2O ⇌ CO2 + H2    (1) 
 
The CO2 can be regenerated from the sorbent material using either a thermal-swing technique [2] or by reducing the 
pressure and purging through with low pressure steam [1].  Steam is used for purging as it can be easily separated from 
the CO2 by condensing out against cooling water.  The CO2 can then be used without further purification for enhanced 
oil recovery or geological storage.  By using multiple vessels in parallel and cycling the sorbent packed beds between 
feed and regeneration, a pseudo-continuous process can be developed for removing CO2 from high temperature syngas. 
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Previous work under a European FP6 project, CACHET, showed that SEWGS is a suitable candidate for pre-
combustion applications when natural gas is the feedstock [3].  Therefore, it is of interest to investigate if this 
technology may also be applied to alternative fuels such as coal (i.e. IGCC). 
Within CAESAR, a European FP7 project, a range of activities are being carried out to improve the SEWGS process.  
These include the development of improved sorbent materials [4,5], new SEWGS operating cycles and integrated 
process flow sheets with either natural gas or coal as the feedstock [6].  Preliminary work has shown that the ratio of 
total moles of steam supplied (for rinsing and purging) to moles of carbon in the feed syngas gas must be less than 2 for 
this process to be competitive against other pre-combustion technologies currently in development. 
2. SEWGS Cycle 
 SEWGS is a pseudo-continuous process that uses multiple sorbent vessels operating in parallel, with each one 
undergoing a different step in the overall cycle.  Figure 1 shows an example of a pressure-swing cycle in which 8 
vessels containing packed beds of sorbent are used to continuously process a feed syngas to make fuel for a gas turbine, 
whilst simultaneously producing a CO2-rich product stream. 
Figure 1 Example SEWGS cycle.  Key: F = Feed, R = Rinse, E = Equalization (pressure reducing during step), 
D = Depressuization, P = Purge, RE = Equalization (pressure rising during step),                       
RP = Repressurization 
 
Using vessel 1 as a guide, the first step in the process is to feed in syngas at elevated pressure during which CO2 is 
removed.  By carrying out this feed step in parallel with one or more other beds (e.g. vessels 2 and 8) then flow and 
composition variations in the product gas can be minimized.  The feed step is stopped once the amount of CO2 (and 
other carbonaceous species) reaches a tolerable limit for the fuel sent to the gas turbine. 
Unfortunately after the feed step, there is residual H2 left inside the vessel that must be removed before regeneration 
is started.  This is because any H2 left inside the vessel will contaminate the CO2 product stream which both increases 
cost (due to the need to compress this stream to high pressure) and may reduce the CO2 purity below its specification.  
This loss of H2 also results in an increased size of upstream equipment to maintain the required H2 flow to the gas 
turbine, and a drop in overall plant efficiency. 
Therefore following the feed step, a rinse step is used to flush out the gas from inside the sorbent bed.  In the 
example shown in figure 1, this is done using high pressure steam (i.e. steam equal in pressure to the syngas) and the 
waste gas from this process is mixed back in with the syngas feed.  The amount of rinse gas used is a key design 
variable as high pressure steam has value elsewhere in the process (e.g. for making power in the steam turbine) and 
therefore minimizing the quantity used is desirable. 
Following the rinse process, the vessel needs to be depressurized as regeneration of the sorbent is carried out at 
approximately atmospheric pressure.  The pressure is reduced using a number of steps known as equalizations whereby 
the feed end of one vessel is connected to that of another vessel after having been regenerated.  This is done to recover 
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pressure energy from the vessel(s) undergoing depressurization and use it to repressurize the vessel(s) after 
regeneration. 
After a number of equalization steps (3 are shown by example in figure 1) vessel 1 is finally depressurized counter-
currently to the syngas feed direction and low pressure steam at approximately 1 bara is sent through the packed bed to 
help regenerate the sorbent and desorb CO2.  The amount of CO2 that is removed from the sorbent during the 
regeneration step depends upon the economics of the process and it is generally optimal to leave some CO2 on the 
material.  As with the rinse step, it is desirable to minimize the amount of purge gas used as this affects the efficiency of 
the overall process.  However, a greater flow rate of purge gas removes more CO2 and therefore the dynamic capacity of 
the sorbent will increase.  This leads to a capital saving as less adsorbent is required and therefore smaller vessels can 
be used.  The optimum quantity of purge gas is determined on a total evaluated cost basis that includes both operating 
and capital costs. 
After regeneration, vessel 1 is first repressurised using equalization steps with other vessels, before being raised back 
to the syngas pressure using part of the CO2-free, H2-rich product gas.  It is at this stage that the vessel is ready to begin 
receiving syngas feed again and the cycle restarts. 
There are many ways in which the SEWGS cycle can be improved over that shown in figure 1 to reduce the amount 
of rinse and purge gas used.  However, this basic cycle contains most of the key elements expected in a commercial 
design.  Therefore, this arrangement will be used to evaluate how well the SEWGS process can be expected to perform 
in the field under a range of feed conditions. 
3. Modelling of the SEWGS Process 
Within the CACHET project, the SEWGS process was modelled using data collected on a potassium-impregnated 
hydrotalcite sorbent [7].  Unfortunately, during experimental testing of this material under realistic cyclic conditions the 
sorbent pellets disintegrated due to a loss of mechanical strength [8].  As part of the CAESAR project, new sorbents are 
being developed and a material has been found that is more mechanically robust than its predecessor under CACHET 
[5].  Experimental data has been collected on this material using a variety of techniques including thermo-gravimetric 
analysis and breakthrough tests in a 2 meter long column.  Using this information, a new model for SEWGS has been 
developed that describes the coupled mass, momentum and heat transfer processes for every step in the cycle. 
 
Equilibrium Capacity 
 
As the partial pressure of CO2 rises from zero up to 1 bar, then there is a rapid increase in loading on the new 
sorbent.  At partial pressures above 1 bar, the rate of increase in capacity dramatically falls and experimental data 
collected between CO2 at 1 bar and 20 bar shows only a small additional increase in loading.   
The new material is also found to have some capacity for steam and whilst the uptake is less than for CO2 at the 
same partial pressure, it does show a similar relationship between equilibrium loading and gas phase concentration.  The 
breakpoint between the rapid change in capacity with partial pressure and the essentially constant loading is slightly 
lower at 0.5 bara than that for CO2.  This therefore limits the amount of steam that is taken up or desorbed from the 
material over the course of a cycle and the dynamic capacity for steam effectively becomes zero.  
Unfortunately, in order to achieve a large cyclic capacity for CO2, the partial pressure in the gas phase must be 
decreased to a significantly low value to facilitate effective removal.  This is achieved in the pressure-swing SEWGS 
process by reducing the total system pressure for regeneration and supplying purge gas (i.e. low-pressure steam) to 
further reduce the CO2 partial pressure and maximize the driving force for desorption. 
When present together, CO2 and stream are found to interact on the sorbent and affect the equilibrium capacity of 
each other.  Combining all the experimental work carried out under CAESAR has allowed this phenomenon to be 
empirically assessed and incorporated into the model. 
 
Kinetics 
 
The SEWGS process is dynamic in nature and simulation of the entire process also requires a kinetic model to 
describe the rate of uptake of steam and CO2 on the sorbent.  For this, a linear driving force model has been employed 
using empirical rate constants derived from matching breakthrough and cyclic data. 
4. Application of SEWGS to Natural Gas and Coal Derived Syngas  
The composition of the syngas derived from a feedstock of natural gas or coal is notably different, and depends on 
the constituents of the fuel as well as the technology employed to produce the syngas.  Within CAESAR, process design 
work on natural gas is based on an air-fired GHR-ATR combination (gas heated reformer-autothermal reformer).  
Similarly the performance of a SEWGS unit in an IGCC uses a Shell gasifier with bituminous coal. 
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After reforming/gasification, the syngas is passed through a first water-gas-shift reactor.  Whilst the SEWGS unit is 
capable of carrying out the water-gas-shift reaction, it is preferable to have the bulk of this work done in a separate unit 
as the resulting temperature increase due to the exothermic reaction negatively impacts the uptake of CO2 on the sorbent 
material.  The assumed composition of the syngas after the water-gas-shift reactor, which is then fed into the SEWGS 
unit is given in table 1. 
 
  Natural Gas 
Feed 
Bituminous 
Coal Feed 
CO2 mol % 12 24 
CO mol % 5 6 
H2 mol % 42 35 
H2O mol % 8 31 
Others (e.g. N2, Ar, CH4, H2S) mol % 33 4 
Table 1 Feed syngas compositions to the SEWGS unit depending upon feed type used 
 
The compositions given in table 1 are simplified to the major components in the feed used in the subsequent analysis.  
It is important to recognize that compounds such as H2S which will be present in the coal-derived syngas feed could 
potentially have a detrimental effect on the sorbent stability and long term CO2 capacity.  The commercial success of 
SEWGS may depend on how well the process copes with impurities and understanding these issues is part of the 
CAESAR project. 
The most important difference between the two compositions is the substantially higher CO2 content of the coal 
derived syngas.  This increases the challenge for the SEWGS process as the H2/CO2 ratio strongly affects the amount of 
sorbent material required. 
5. Performance Analysis for the SEWGS Process on Natural Gas and Coal Derived Syngas 
There are a large number of parameters that can go into the design of a SEWGS process including but not limited to; 
feed conditions, regeneration pressure, steam rinse and purge flow rates, cycle time, vessel size, number of parallel 
trains.  In the following analysis the cycle time, vessel size and number of trains were all kept constant.  The cycle 
design chosen was equivalent to that shown in figure 1 (although with different numbers of equalization steps) and the 
feed operating temperature was fixed at 400 °C.  The rinse and purge flow rates were then varied for different pressures, 
feed compositions and equalization steps to obtain a combined CO2 and CO capture rate of 95% with a CO2-product 
purity of 95%.  The 95% purity specification is based on similar expectations for other capture technologies and the 
recovery of 95% is achievable without an excessive increase in steam consumption. 
In general, the modelling work shows that increasing the rinse gas flow rate results in an improved CO2-product 
purity as it pushes more of the H2-rich gas out of the beds after the feed step.  This also results in part of the adsorbed 
CO2 being removed from the vessel before the regeneration step and added back into the feed.  Therefore, adding more 
rinse gas has the detrimental effect of increasing the sorption challenge for the SEWGS process, thereby decreasing the 
capture rate.  The carbon capture rate can be improved by increasing the amount of purge steam used as this desorbs 
more CO2 from the sorbent, allowing more CO2 to be adsorbed during the feed step for the same cycle time.  However, 
adding too much purge gas ultimately results in a decrease in CO2 purity given a fixed cycle time and vessel size.  This 
is because increasing the adsorbent capacity decreases the average partial pressure of CO2 inside the vessel at the end of 
the feed step.  This allows more H2-rich gas to be present inside the vessel which must be removed by rinsing or 
otherwise it will contaminate the CO2 product.  The overall result therefore is that the flows of rinse and purge gas must 
be balanced against each other to achieve the required carbon capture rate and CO2 purity. 
 
Natural Gas Case – GHR-ATR 
 
Figure 2 shows the effect of varying the feed pressure and number of equalization steps on the amounts of high 
pressure steam rinse and low pressure steam purge required for a natural gas derived feed stream.  These results are 
based on the newly developed material within CAESAR and are presented in terms of the steam flow required per unit 
of feed flow. 
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Figure 2  Steam requirement for a natural gas feed at 95 % carbon capture and 95% CO2 purity; (top) rinse 
(bottom) purge 
 
The amount of rinse steam required reduces by decreasing the feed pressure and/or increasing the number of 
equalization steps.  A higher feed pressure results in a greater inventory of gas inside the vessel at the end of the feed 
step.  Therefore more rinse gas is required to displace the residual H2 containing gas to reach the 95% CO2 purity 
specification.  Adding equalization steps is also beneficial because not all the H2-rich gas must be displaced during the 
rinse step.  Instead, during each equalization step residual H2-rich gas is removed and recaptured in a vessel being 
pressurized before the feed step.  This reduces the amount of H2 and other contaminates left inside the vessel before 
regeneration. 
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Using more equalization steps results in a marked reduction in the rinse gas requirement without significantly 
increasing the purge gas needed.  However, for every equalization step, an additional vessel must be added into the 
cycle and this therefore increases capital cost.  
It is found that the purge gas requirement generally increases as the feed pressure falls and/or more equalization steps 
are used.  At the lowest feed pressures there is a large purge requirement because the maximum achievable capacity 
falls dramatically due to the reduced feed CO2 partial pressure (see figure 2).  As the maximum achievable CO2 capacity 
on feed drops, then the adsorbent must be more thoroughly regenerated during the purge step to maintain a similar 
dynamic capacity to the higher feed pressure cases. 
The increase in purge gas requirement with the number of equalization steps is mostly due to the fact that during 
each equalization step, the most easily removed CO2 is put into another vessel being pressurized.  This not only reduces 
the amount of CO2 that can be removed during the subsequent regeneration step (i.e. the driving force for CO2 removal 
goes down) but also preloads a regenerated bed with CO2 so that it has less capacity available for the feed step.    
Therefore more purge gas is required to counteract these effects and achieve the same dynamic capacity.   
The amounts of rinse and purge steam shown in Figures 3 and 4 are not absolute requirements and can be changed 
by modifying the vessel size, cycle time and/or cycle arrangement.  The value placed on the high pressure steam used 
for rinsing is obviously greater than the low pressure steam used for purging, so it is only through a full process 
optimization that the actual amounts of each to be used can be determined.  The results in figure 2 indicate that the 
optimum design for a SEWGS unit is towards the middle of this pressure range, 20-30 bara.  Operating at higher 
pressures results in a substantial increase in rinse gas requirement for no improvement in overall performance, whilst at 
lower pressures the purge gas requirement increases markedly.  Fortunately, this pressure range matches well with 
feeding directly into a gas turbine.  For the conditions used in this particular analysis, the 20-30 bara range with 3 
equalization steps gives required rinse steam to feed carbon ratios of 0.65-1.00 and correspondingly 1.55-1.15 for purge 
steam (i.e. a total steam to feed carbon ratio of 2.15-2.20 versus a goal of 2). 
 
Coal Case – IGCC 
 
In the same manner as for natural gas, an analysis on steam purge and rinse flow rates was carried out with a coal-
derived syngas feed.  The only difference between the two cases in terms of input was that the adsorbent volume was 
doubled to accommodate the greater CO2 challenge (i.e. the increased amount of CO2 in the feed relative to the amount 
of fuel produced).  This is because the amount of CO2 that must be processed each cycle by the SEWGS unit is 
approximately double that for the natural gas case.  In practice, there are many ways to try to cope with the higher 
quantity of CO2 in the feed relative to the amount of H2 product gas.  For example, reducing the cycle time or increasing 
the purge rate can also be used to deal with the greater flow of CO2 to H2.  
 
Figure 3 shows the same trend in the amount of rinse gas required as for the natural gas case, except that more rinse 
gas per unit of feed gas is required for the same conditions.  This is because compared with the natural gas case, the 
coal-based feed has approximately double the CO2 partial pressure, but the sorbent capacity increases only marginally.  
This results in a reduced selectivity of CO2 over H2 which in turn results in more H2-rich fuel gas being left inside the 
vessel each cycle that must be rinsed out. 
The purge gas requirement in figure 3 follows some of the same trends as for the natural gas case, with the flow rate 
increasing at the lower end of the feed pressure range.  However, for one and even two equalization steps, there is also 
an increase in purge gas requirement at the upper end of the feed pressure range.  The upturn in purge gas flow rate 
coincides with the rinse gas flow rate increasing above 40% of the feed flow.  The reason for this is that the higher rinse 
flow causes more CO2 to be desorbed from the sorbent and recycled to the feed.  This would result in a lower dynamic 
CO2 capacity for the sorbent and therefore a reduced capture rate if it was not for the increase in purge flow rate. 
As with the natural gas case and the optimum feed pressure range appears to be 20-30 bara.  For a cycle with 3 
equalization steps, this leads to a ratio of steam rinse to carbon in the feed of 0.40-0.65 and correspondingly a purge 
steam requirement of 1.50-1.25 (a total steam to carbon ratio of 1.90).  Compared with natural gas, this gives a lower 
steam to carbon ratio, primarily due to a reduction in the requirement of rinse steam to feed carbon.  However, the size 
or number of vessel used for the coal case must be doubled to achieve these results.  This is a notable increase in capital 
cost that must be factored into the economic analysis for using SEWGS with a coal based feed. 
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Figure 3 Steam requirement for a coal feed at 95 % carbon capture and 95 % CO2 purity; (top) rinse                       
  (bottom) purge 
6. Conclusions 
An analysis has been completed on the use of sorption-enhanced water-gas-shift (SEWGS) technology for both 
natural gas and coal feeds using a new adsorbent material developed within CAESAR.  This was undertaken on the 
assumption of a required CO2 product purity of 95% and a total carbon capture rate of 95%.  For economic success, the 
initial target for this work is to develop a SEWGS cycle that uses a ratio of total steam (for rinsing and purging) to 
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carbon in the feed of 2.  The initial results for both natural gas and coal feeds are promising and appear to indicate that 
this is a viable goal.  The optimum feed pressure for minimising steam consumption lies in the range of 20-30 bara, 
which ties in with using SEWGS for NGCC and IGCC plants. 
The capital costs for the coal case are approximately double those for natural gas due to the much greater quantity of 
CO2 in the syngas feed.  Further work is therefore required to see if this is an issue economically and also to evaluate 
whether making changes to the SEWGS process, such as reducing the cycle time, can help address this problem. 
Work is ongoing to fully optimize the SEWGS cycle and reduce the operating costs without an excessive increase in 
capital (i.e. the amount of adsorbent used and the number of vessels).  The amounts of steam used for rinsing and 
purging the SEWGS unit are not arbitrary quantities and only a full analysis can show what the balance between the two 
needs to be.  As part of the CAESAR project, a full economic analysis will be used to evaluate the viability of this 
technology versus the state of the art. 
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